Abstract The objective of this study was to investigate the risks associated with the use of roof-harvested rainwater (RHRW) and the implication of pigeons as the most likely source of contamination by testing for antibiotic resistance profiles of Escherichia coli. A total of 239 E. coli were isolated from thirty fresh pigeon faecal samples (130 isolates), 11 RHRW tanks from three sites in Pretoria (78) and two in Johannesburg (31). E. coli isolates were tested against a panel of 12 antibiotics which included ampicillin, amoxicillin, amikacin, cefoxitin, ceftriaxone, chloramphenicol, ciprofloxacin, cotrimoxazole, enrofloxacin, gentamicin, nalidixic acid and tetracycline. In all samples, resistance to ampicillin (22.7.9 %), gentamicin (23.6 %), amikacin (24 %), tetracycline (17.4) and amoxicillin (16.9 %) were the most frequently encountered form of resistance. However, a relatively higher proportion of isolates from pigeon faeces (67.3 %) were antibiotic resistant than those from RHRW (53.3 %). The highest number of phenotypes was observed for single antibiotics, and no single antibiotic resistance was observed for chloramphenicol, ceftriaxone, gentamicin, cefoxitin, cotrimoxazole, although they were detected in multiple antibiotic resistance (MAR) phenotypes. The highest multiple antibiotic resistance (MAR) phenotypes were observed for a combination of four antibiotics, on isolates from JHB (18.8 %), pigeon faeces (15.2 %) and Pretoria (5.1 %). The most abundant resistance phenotype to four antibiotics, Ak-Gm-Cip-T was dominated by isolates from pigeon faeces (6.8 %) with Pretoria and Johannesburg isolates having low proportions of 1.3 and 3.1 %, respectively. Future studies should target isolates from various environmental settings in which rainwater harvesting is practiced and the characterisation of the antibiotic resistance determinant genes among the isolates.
Introduction
South Africa has a mix of developed and developing regions with at least 9.7 million (20 %) of the people not having access to adequate water supply (Kahinda et al. 2007 ). Roof-harvested rainwater (RHRW) appears to be one of the most promising alternatives for supplying freshwater in the face of increasing water scarcity and escalating demand (Sazakli et al. 2007 ). Rainwater harvesting can provide water directly to households including those in rural and peri-urban areas where conventional technologies cannot supply. In order to improve water access, the South African government has committed itself to provide RHRW tanks to poor households, who in most instances use it without prior treatment as it is assumed to be safe ( (Kahinda et al. 2007 ). Although rainwater is generally considered clean, the potential of public health risk associated with the presence of pathogenic microorganisms cannot be ignored (Ahmed et al. 2011a, b) . Faeces of wild birds, insects, mammals and reptiles that have access to the roof can be washed into the holding tank during rain events. Consequently, contamination of harvested rainwater by enteric bacteria including faecal coliforms, Escherichia coli, and enterococci spp which are commonly found in the guts of warm blooded animals has been reported (Sung et al. 2010; Young et al. 2010; Ahmed et al. 2011a) . These bacteria have a wide natural host range, which includes all warm blooded animals, some coldblooded animals and environmental reservoirs, such as sediments and free-living strains (Harwood et al. 1999; Power et al. 2005) Although several enteric bacteria can be used to monitor faecal contamination, E. coli is the most used indicator bacteria as well as a regulatory organism of faecal pollution in aquatic environments (Clesceri et al. 1998) . The detection of E. coli in water primarily provides evidence of faecal pollution and secondarily reflect the possible presence of bacterial, viral and parasitic enteric pathogens (Mohapatra et al. 2007 ). However, current E. coli enumeration standard methods do not provide information on potential sources of faecal pollution. Determining the sources of origin of faecal contamination is commonly referred to as bacterial source tracking (BST) and is commonly used to assess the degree of public health risk and to ensure the development of specific approaches to reduce faecal contamination and the associated pathogens responsible for water-borne disease transmission (U.S. Environmental Protection Agency 2002).
Several methods of bacterial source tracking (BST) have been developed in which sources of microbial contamination are identified according to differences in the characteristics of bacteria from different animal faeces. Hence, an increased understanding of the genetic variability of populations in animal reservoirs and rainwater tanks can inform epidemiological studies. Several genotypic and phenotypic BST methods have been developed in recent years to identify sources of faecal pollution (Myoda et al. 2003; Mohapatra and Mazumder 2008) . Probable source(s) of faecal pollution are identified by comparing the fingerprints (phenotypic or genotypic profiles) of the environmental E. coli isolates with a reference library consisting of the fingerprints of E. coli obtained from known sources of faecal pollution (Anyadike and Obeta 2012) .
Genotypic BST methods consider the host-specific genetic differences of indicator organisms, for example, ribotyping, pulsed field gel electrophoresis (PFGE), randomly amplified polymorphic DNA (RAPD) and repetitive palindromic DNA sequences (Rep PCR) (Dalla-costa et al. 1998; Zulkifli et al. 2009; Goering 2010; Sheludchenko 2011) . Phenotypic methods employ host-specific biochemical properties, for example, antibiotic resistance profiling and carbon source utilisation tests (Anderson et al. 2006; Stefanowicz 2006) .
Concerns with the emergence of antibiotic-resistant bacteria have been raised over the contamination of surface waters from livestock operations and human septage. Resistant bacteria have been isolated from a variety of sources, including domestic sewage, drinking water, rivers and lakes (Antai 1987; Meays et al. 2004; Donovan et al. 2008; Kinge et al. 2010) . Faecal strains of E. coli resistant to antibiotics have been found at various prevalence levels in wild bird populations. In particular, bird populations common to areas inhabited by people and areas with a high density of livestock have been reported to be colonised with antibioticresistant E. coli strains possibly selected for by the antibiotic practices in humans and domestic animals (Silva et al. 2009 ).
Urban birds especially pigeons and doves coexist with humans in urban environments and are considered to be important reservoirs and vectors of pathogenic and antibiotic-resistant bacterial strains (Radimersky et al. 2010) . The adaptation of these birds to urban environments is mainly ascribed to (i) the architecture of urban constructions which have gaps, cracks and spaces that can be used for landing, nesting and shelter, protecting the birds from the weather; (ii) the absence of natural predators; and (iii) the availability of food (Silva et al. 2009 ). Animal feed lots including those for dairy cows and chicken feed waste provide an abundant source of food to the birds which then multiply extensively and become a significant source of faecal pollution. The transmission of infectious diseases or antibioticresistant strains usually happens by either ingestion of food, water, handling of products contaminated with their faeces and dispersion of wind-dried pigeon droppings (Marques et al. 2007) .
Although there have been several researches on surface and ground water contamination by antibioticresistant bacteria, literature on antibiotic-resistant bacteria in roof-harvested rainwater is scarce (Antai 1987; Meays et al. 2004; Donovan et al. 2008; Kinge et al. 2010) . In rainwater harvesting, urban birds are a major source of faecal contamination as they have direct access to the roof catchment surface and have been implicated as reservoirs and vectors for the spread of antibiotic-resistant strains of E. coli (Radimersky et al. 2010) . Resistance to more than one antibiotic by a single bacterial isolate is commonly reported (Anderson et al. 2006; Antai 1987; Dolejska et al. 2008; Kinge et al. 2010; Rosengren et al. 2009 ). Consequently, resistance to multiple antibiotics have been used to identify and differentiate E. coli strains from different animal species (Dolejska et al. 2008) . The use of antibiotic resistance profiles is simple, cost-effective and suitable for surveillance and has been used for E. coli strains to identify sources of faecal contamination in water (Kinge et al. 2010) .
To help evaluate the risk associated with the use of RHRW and the significance of pigeon faeces as the most likely source of contamination, we characterised antibiotic resistance profiles in E. coli isolated from RHRW tanks and urban pigeon faeces. The isolates originated from faeces of urban pigeons (Columbia livia) and RHRW obtained from Johannesburg and Pretoria in Gauteng Province of South Africa. Sampling sites could be categorised into farm and urban settings, and urban settings could be divided into low and high density suburbs. The objective of this study was to evaluate the prevalence of antibiotic resistance and compare antibiotic resistance profiles of E. coli isolated from pigeon faeces and RHRW from different environmental settings.
The motivation for this was the fact that previous studies on RHRW have implicated droppings of birds, mammals and/or rodents that have access to catchment areas or water storage tanks as the possible sources of microbial contamination (Sivanappan 2006; Ahmed et al. 2011a) . Of these animals, birds are the most mobile and have been implicated as reservoirs of antibioticresistant enteric pathogens (Silva et al. 2009 ).
Methodology
Area of the study and collection of samples Roof-harvested rainwater samples were collected from five sampling sites which included three in Pretoria (PTA); the Experimental Farm, University of Pretoria Experimental Farm (PTA Site 1(S1)) (−25.751549, 28.256952) , the Plant Science Building, University of Pretoria Hatfield campus (PTA S2) (−25.755100, 28.234954 ) and a house in Sunnyside suburb (PTA S3) (−25.762543, 28.208061) , and two sites in Johannesburg (JHB); Endluweni Primary School (JHB S1) (−26.011822, 28.219662) and Tembisa Secondary School (JHB S2) (−26.007255, 28.217647) . Faecal samples were collected from urban pigeons (Columbia livia) at the University of Pretoria Experimental Farm only (−25.752326, 28.255303) . This site (PTA S1) represents a typical farm setting, with cattle feed pen within 100 m, where a large number of pigeons come to feed. These pigeons also feed on chicken layers waste from fowl runs approximate 800 m away. The house where three rainwater tanks are installed (PTA S1) has overhanging Mulberry trees on the roof, where various kinds of birds feed on mulberries. The Plant Science Building site (PTA S2) is located at the University of Pretoria Main Campus. This site is on the second floor and has three tanks installed. The site represents a typical urban scenario where there is minimal vegetation and bird interference. The PTA S3 is located in Sunnyside suburb in Pretoria. This site is surrounded by trees where various kinds of birds nest. The Johannesburg sites (JHB S1and JHB S2) are schools (each with two rainwater tanks) located in Tembisa, a high density suburb with limited number of trees and various birds which feed on garbage dumps.
Sample collection and isolation of presumptive E. coli strains
Rainwater sample collection
Samples were collected from 11 rainwater tanks during the 2012-2013 rain seasons, from September to February within 1 to 4 days after a rain event (ranging from 35 to 130 mm) as previously described by Ahmed et al. (2008) . In total, 74 RHRW samples (of which forty-four tested positive to E. coli) were collected in duplicates from the outlet taps located close to the base of the tanks, in sterilised 2-L containers. Taps were wiped with 70 % ethanol and allowed to run for 30 to 60 s to flush out stagnant water from the taps before collecting water samples. Collected samples were transported to the laboratory and processed within 10 h.
Undiluted RHRW samples were assayed directly for densities of faecal coliforms and E. coli, with Colilert chromogenic substrate test kits and Quantitray 2000 MPN trays (Idexx, Westbrook, Maine) as per the manufacturer's instructions. The inoculated Quantitrays were subsequently sealed and incubated at 35°C for 24-28 h. Following incubation, the Quantitray wells were read for yellow colour and fluorescence. A bench top ultraviolet (UV) light (366 nm) was used to identify fluorescent wells. A manufacturer-provided MPN table (Idexx, Westbrook, Maine) was used to generate microbial density estimates based on the proportion of positive reactions in each tray.
Faecal sample collection
Fresh faeces from thirty birds including pigeons and doves were collected. Indicator bacterial density in faecal material was measured by first diluting 1 g of faeces in 9 mL of distilled water, vortexed and allowed to stand for 5 min to allow debris to settle. A 1-mL sample of the supernatant was consequently extracted and serially diluted for microbial isolation and quantification. Densities of faecal coliforms and E. coli and enterococci were determined with Colilert-18 as described above.
Recovery
Following incubation, the backing material of each Quantitray was disinfected by application of 70 % ethanol with a sterile swab. After the residual ethanol had evaporated, sterile razor blades were used to pierce the backing material of three fluorescence positive wells per tray and three trays were processed per water sample. One loop full of well content was streaked onto mEndo selective agar for the isolation of E. coli. Presumptive E. coli colonies were sub-cultured twice on nutrient agar and re-inoculated into the respective Colilert chromogenic media in sterile 96 micro-well plates and incubated for 18 h to confirm fluorescence before MALDI-TOF-MS and PCR analysis.
MALDI-TOF-MS identification and characterisation of bacterial isolates
Bacterial strains were sub-cultured twice on nutrient agar (Merck, Johannesburg) before MALDI-TOF-MS analysis. After 24 to 48-h cultivation of an isolate on nutrient agar, a single colony was transferred with a toothpick onto MALDI plates in duplicates (Sigma-Aldrich, USA). The preparation was overlaid with 1 μL of saturated solution of cyano-4-hydroxycinnamic acid in organic solution (50 % acetonitrile, 2.5 % trifluoroacetic acid), crystallised by air-drying at room temperature and directly screened (Bittar et al. 2009; Pinto et al. 2011) . Mass spectra were generated with the Microflex LT mass spectrometer operated by the MALDI Biotyper automation control and recorded by Flex Control software (Bruker Daltonics, Bremen, Germany). Three hundred shots per sample spot were acquired using the recommended instrument settings for bacterial identification (linear positive mode, 60 Hz laser frequency, 20 kV acceleration voltage, 16.7 kV IS2 voltage, 170 ns extraction delay and 2000 to 20,137 m/z range). The peak lists generated was used for matches against the reference library directly using the integrated pattern matching algorithm of the software. The whole process from MALDI-TOF-MS measurement for identification was performed automatically without user intervention.
MALDI Biotyper 3.0 software (Bruker Daltonics) was used to analyse raw spectra of the bacterial isolates with default settings. The software compares acquired sample spectra to reference spectra in the provided database and compiles a list of best matching database records. The degree of spectral pattern matching is expressed as a logarithmic identification score and interpreted according to the manufacturer's instructions. Results are expressed as log (score) values ranging from 0 to 3 levels. Scores ≥2.300 indicate species identification with a high level of confidence, ≥2.000 indicate species identification, <1.700-1.999 indicate genus identification and >1.700 indicate no identification (Romanus et al. 2011 ).
Polymerase chain reaction for detection of UidA gene in E. coli
The polymerase chain reaction (PCR) was used to detect the presence of the Uid gene, which codes for the β-D-glucuronidase enzyme. A 147-bp coding region of the E. coli uid gene was amplified using the 20 and 21-mer primers UAL-754 (5′-AAAACGGCAAGA AAA-AGCAG-3′) and UAR-900 (5′-ACGCGTGGTT ACAGTCTTGCG-3′) (Bej et al. 1991) . These primers were synthesised by Inqaba Biotec (Pretoria, South Africa). An iCycler thermal cycler (Bio-Rad, UK) was used to amplify the DNA. In both PCRs, the final reaction volume of 25 μL consisted of 12.5 μL double strength PCR master mix (0.05U/μL Taq DNA Polymerase in reaction buffer, 0.4 mM of each dNTP (dATP, dCTP, dGTP, dTTP), 4 mM MgCl 2 ; (Fermentas Life Science, USA), PCR-grade water (Fermentas Life Science, USA), 50-ng sample DNA and 25 pmole of each primer. Amplification was performed with a thermal cycler programmed for 1 cycle of 2 min at 94°C; 25 cycles of 1 min at 94°C, 1 min at 58°C, 2 min at 72°C; 1 cycle of 5 min at 72°C. PCR products were electrophoresed on a 1.5 % agarose gel, stained with GR Green (Fermentas Life Science, USA) and visualised using Gel Documentation System (Bio-Rad Gel Doc EZ Imager, USA).
Antimicrobial susceptibility testing
The Kirby-Bauer disc diffusion technique was used to determine antibiotic susceptibility profiles of 239 E. coli isolates. Isolates were cultured in nutrient broth (Merck, Johannesburg, South Africa) at 37°C for 24 h in a shaking incubator, and the suspension was adjusted to a turbidity equivalent to a 0.5 McFarland standard before spreading 100 μL onto Mueller Hinton agar plate (Merck, Johannesburg, South Africa). The discs used (Mast Diagnostics, UK, supplied by Davies Diagnostics, Midrand, SA) included ampicillin (Ap, 10 μg), amoxicillin (A, μg10), amikacin (Ak, 30 μg), cefoxitin (Fox, 30 μg), ceftriaxone (Cro, 30 μg), chloramphenicol (C, 10 μg), ciprofloxacin (Cip, 5 μg), cotrimoxazole (TS, 25 μg), enrofloxacin (Enf, 5 μg), gentamicin (Gn, 10 μg), nalidixic acid (Na, 30 μg) and tetracycline (T, 30 μg) are shown in Table 1 . Isolates were categorised as susceptible or resistant based upon interpretive criteria developed by the CLSI 2007.
Statistical analysis
All statistical analyses were carried out using Statistica 10 (Stat soft, USA). Data for the antimicrobial agent resistance of each bacterial isolate were reported in two formats: either as the diameter of the zone of inhibition (in millimetres) or as susceptible or resistant (based on CLSI breakpoints). Since these data were used to evaluate the grouping isolates by their geographical origin (i.e. by sites within specific areas) and by their source (i.e. RHRW or pigeon faeces). RHRW isolates were handled in two different ways, (i) individually by site (PTA S1, PTA S2, PTA S3, JHB S1 and JHB S2), by groups based on area (PTA or JHB) and source (RHRW). Associations between isolate source groups, RHRW areas and sites and associated antimicrobial agent profile (resistant or not resistant) were expressed as percentages. The significance of differences in zones of inhibition between species groups was calculated with the Kruskal-Wallis test (alpha value, 0.05), and the Pearson product moment correlation was used to compare the similarity relationship between the groups. Susceptibility data on the E. coli isolates from the different sites and sources tested against the twelve antibiotics were used for cluster analysis by means of The concentration used as well as the inhibition zone measurements were according to the National Committee on Clinical Laboratory Standards (CLSI 2007) . The abbreviations are as they appeared on the antibiotic discs Ward's method and Euclidean distances as a measure of similarity. Ward's clustering method is a hierarchical agglomerative method whose objective is to create clusters that give minimum increase in the total within group error sum of squares (Ward 1963) .
Results
A total of thirty faecal samples from urban pigeons (Columbia livia) from Pretoria and 74 RHRW samples from 11 rainwater tanks in Johannesburg (4) and Pretoria (7) were collected. We detected E. coli from all pigeon faeces and RHRW sites, although only 44 of the 74 RHRW samples tested were positive for E. coli. Generally, levels of RHRW contamination with E. coli were relatively higher in water samples obtained from PTA S1 and PTA S3 than the rest of the RHRW sites. Data on the prevalence and abundance of enteric microbial populations are reported in chapter 4. Table 3 shows the number of isolates that were used in this study and their respective sources. A total of 328 presumptive E. coli isolates were isolated from both pigeon droppings and RHRW samples, sub-cultured and further analysed. However, only 239 isolates satisfied all the identification criteria and were used for subsequent analysis. The 239 isolates were comprised of 130 isolates from pigeon faeces, 78 from Pretoria and 31 from Johannesburg. Isolates from Pretoria sites were comprised of 10, 18 and 50 isolates from PTA S3, PTA S2 and PTA S1 whereas those from Johannesburg were from JHB S2 (10) and JHB S1 (21).
Antibiotic susceptibility
All 239 E. coli isolates were subjected to antibiotic susceptibility tests with 12 antimicrobial agents, from 10 different antibiotic classes which included penicillins, aminoglycosides, quinolones, phenicols, ciprofloxacin, cephems, quinolones, folate pathway inhibitors and tetracyclines (Table 1) . Antibiotic resistance was detected in both pigeon droppings and RHRW E. coli isolates ( Table 2 ). The most frequently encountered form of resistance in all samples was resistant to ampicillin. In all samples, resistance to ampicillin (22.7.9 %), gentamicin (23.6 %), amikacin (24 %), tetracycline (17.4) and amoxicillin (16.9 %) was the most frequently encountered form of resistance. However, a relatively higher proportion of isolates from pigeon faeces was antibiotic resistant than those from RHRW tanks, with the most significant differences being noted in resistance to gentamicin (12.3 %), tetracycline (9.8 %), chloramphenicol (6.5 %) and amikacin (4.2 %). Pigeon droppings and RHRW E. coli isolates exhibited resistance to 11 of the 12 antibiotics tested, with cotrimoxazole resistance not being detected in bird samples and ceftriaxone resistance in RHRW samples. Other forms of resistance detected in small proportions were on ceftriaxone (1.5 %) and nalidixic acid (3.8 %) in pigeon droppings and cotrimoxazole (0.9 %), nalidixic acid (0.9 %), chloramphenicol (1.8 %), ciprofloxacin (3.7 %), cefoxitin (3.7 %) and ciprofloxacin (4.6 %) in RHRW samples. Kruskal-Wallis test was performed on original disc diffusion zone sizes data with respect to the different sources for each antibiotic tested (Table 3 ). The results showed that antibiotic resistance/susceptibility patterns were significantly different for nine of the 12 antibiotics tested, with no significant differences being detected for the three antibiotics: amoxicillin, ampicillin and ceftriaxone. Since the Kruskal-Wallis test leads to significant results, when at least one of the samples is different from the other samples but does not identify where the differences occur or how many differences actually occur. We further compared rainwater sample sources only and significant differences (p≤0.05) were observed on resistance to ampicillin only. This implies that the source of significant differences were pigeon faecal samples for eight of the nine antibiotics. Consequently, the largest inhibition zones (indicating greater susceptibility) were found in RHRW sources for eight of the antibiotics on which significant differences had been observed (Fig. 1) . When resistance to ampicillin among RHRW sites was considered, significantly larger inhibition zones were found with JHB S1 compared to the rest of the other sources (Table 3) . Table 4 shows the comparison of percentages of antibiotic-resistant E. coli isolated from RHRW sources in Johannesburg and Pretoria and from pigeon faeces. No significant correlation was observed between Johannesburg and Pretoria sources (r≤0.611, p<0.01), although there was a relatively high correlation between source sites from the same area (r≥ 0.707), except for isolates from PTA S3 (r=0.6). This PTA S3 site had no significant correlation to any other site. However, all other RHRW sites were significantly correlated to the averages from RHRW and bird sources (r≥7.17) except for the JHB S1 (r=0.684) source with RHRW source. Antibiotic resistance profiles of pigeon isolates had a wide diversity representation, with the result that relatively high correlation rates existed between bird and individual RHRW sites. However, individual RHRW sites had relatively limited diversity unique to individual sites, resulting in lower correlation rates between sites. Percentages were calculated by dividing the number of E. coli isolates confirmed as antibiotic resistant in a particular sample site by the total number of isolates tested for the particular site or group a All rooftop harvested rainwater sites (RHRW) Antibiotic resistance phenotypes Antibiotic resistance (AR) phenotypes were determined for E. coli isolated from RHRW and faeces obtained from storage tanks and urban pigeons, respectively (Table 4 ). Figure 2 and Table 5 show the observed antibiotic-resistant percentages of isolates by their sources. The resistance phenotypes observed included both single and multiple antibiotics of group sizes ranging from 1 to 5 and 7 antibiotics. The highest number of phenotypes was observed for single antibiotics (7), whereas 4, 7, 5, 1 and 1 multiple antibiotic resistance (MAR) phenotypes were detected for combinations of 2, 3, 4, 5 and 7 antibiotics, respectively. No single AR phenotypes were detected for chloramphenicol, ceftriaxone, gentamicin, cefoxitin and cotrimoxazole, although, they were detected in MAR phenotypes. The most abundant resistance phenotype was on single antibiotics with 34.4, 20.5 and 22.6 % of isolates from JHB, PTA and pigeon faeces being resistant. For these resistance percentages tetracycline (6.2 %) and ampicillin (5.8 %) were the most abundant, considering all isolates. A higher proportion of isolates from JHB (18.8 %) had tetracycline resistance phenotype compared to those from Pretoria (3.8 %) and pigeon faeces (4.5 %). However, isolates of relatively the same proportion (5.3-6.4 %) from all sources were resistant to ampicillin. The least abundant single antibiotic Fig. 1 The variability in antibiotic resistance/susceptibility patterns for where significant differences observed between the different sources: each box plot represents the mean (dot) +/− standard error (bottom and top of box) +/− standard deviation (whiskers). Note: The vertical axis represents the zone diameter of inhibition (mm), and the horizontal axis represents the different sources of isolates as follows, pigeon faecal isolates (1), RHRW isolates from JHB S1 (2), JHB S2 (3), PTA S3 (4), PTA S2 (5) and PTA S1 (6). The antibiotics represented are ampicillin (Ap), chloramphenicol (C), ciprofloxacin (Cip), enrofloxacin (Enf), cefoxitin (Fox), gentamicin (Gm), nalidixic acid (Na), tetracycline (T) and cotrimoxazole (Ts) resistance phenotype (1.2 %) was observed for ciprofloxacin and nalidixic acid on isolates from Pretoria and pigeon faeces. Resistance to two antibiotics was relatively similar (9.1-9.4 %) among RHRW sources, although bird isolates had a relatively higher proportion (15.9 %) resistant to the same number of antibiotics. The A-Fox and Ak-Ap combinations were not detected in isolates from Johannesburg, although they were present in isolates from Pretoria and pigeon faeces. The most dominant phenotype of resistance to two antibiotics was Ak-Gm (5.4 %). A relatively higher proportion of isolates with this phenotype was detected in pigeon faeces (7.6 %) and Johannesburg area. A relatively higher proportion of isolates from Pretoria (14.2 %) and pigeon faeces (12.1 %) had MAR for combinations of three antibiotics compared to those from Johannesburg (3.1 %). The most abundant three antibiotic phenotype was A-AkGm with prevalence's ranging from 3.1-3.8 % for all sources. Of the six MAR phenotypes to combinations of three antibiotics, only 1 (Ak-Ap-Cip) was detected from Johannesburg isolates, whereas all the six phenotypes were detected in isolates from Pretoria and pigeon faeces. Furthermore, the A-C-T phenotype was detected in isolates from pigeon faeces (4.5 %) only.
The highest MAR observed for combinations of four antibiotics was for isolates from Johannesburg (18.8 %) and pigeon faeces 15.2 %, although only 5.1 % of Pretoria isolates were resistant to the same number of antibiotics. The most abundant resistance phenotype to four antibiotics (4.5 %) was Ak-Gm-Cip-T. This phenotype was dominated by isolates from birds (6.8 %) with Pretoria and Johannesburg isolates having low proportions of 1.3 and 3.1 %, respectively. Similar phenotypes were observe for the Ak-Enf-Gm-Ap and Ak-Enf-GmCro antibiotic combinations for isolates from Johannesburg (6.3 %) but were not detected in isolates from Pretoria. The four (Gm-Cip-Fox-A), five (Ak-Enf-GmAp-T) and seven (A-Cip-Gm-Ap-Cro-Fox-Na) were detected in four, five and two isolates from birds only, respectively. However, the phenotypes Ak-Enf-Gm-Ap and Ak-Enf-Gm-Cro were not detected from Pretoria isolates, whereas Ak-Gm-Ap-A was only detected in RHRW sources.
Discussion
Bird populations sympatric to areas inhabited by people and areas with a high density of livestock have been reported to be colonised with antibiotic-resistant E. coli strains possibly selected by the antibiotic practice in humans and domestic animals (Marques et al. 2007; Silva et al. 2009 ). In particular, urban pigeons (Columba livia) come into close contact with humans and other animals and are considered to be important reservoirs and vectors of pathogenic and antibiotic-resistant bacterial strains (Silva et al. 2009 ). The adaptation of these birds to urban environments, the absence of natural predators and availability of food enables them to multiply extensively and become a significant source of faecal pollution (Marques et al. 2007 ). The presence of Sampling sites were grouped by their origin to form the Pretoria and Johannesburg areas which were also combined to form the roofharvested rainwater source. Percentages were calculated by dividing the number of confirmed antibiotic-resistant E. coli in a particular area or source by the total number of isolates tested for the particular area or source pigeon faeces in urban environments may contribute to the spread of infectious agents through the dispersion of wind-dried dropping particles (Marques et al. 2007; de Oliveira and Pinhata 2008) . We therefore hypothesised that if birds are the major source of faecal pollution, then the antibiotic resistance profiles between RHRW isolates from PTA S1 and pigeon faecal isolates would be similar. Since the birds are mobile, we included a site (PTA S2) 5 km away that had limited bird interference and another (PTA S3) that was 20 km away, of which had abundant trees and bird populations. Furthermore, to evaluate diversity and probable similarity in faecal source of contamination, we included two sites (JHB S2and JHB S1) located in Tembisa, Johannesburg, about 54 km away from Pretoria sites.
Generally, in antibiotic resistance BST, a database of antibiotic resistance patterns from known sources within an area is needed for isolates comparison. In this method, sample-level analysis or isolate-level analysis can be used. However, if it was assumed that a sample came from a single major source, as was the case in this study, then sample-level analysis can be used (Harwood et al. 2003) . Nevertheless, it is very unlikely that a RHRW sample would contain only one source of contamination. Consequently, we also used isolate-level analysis which is suitable for analysis if samples are assumed to be contaminated by more than one source . We assumed that pigeon faecal isolated were representative of the major faecal sources including cows and chickens, since we had observed them feeding in close contact to faecal material from these animals. It should be noted that several studies on antibiotic resistance analysis (ARA) have cited it as a useful tool in assessing contamination sources with average rates of correct classification ranging from 62 to 84 % (Harwood et al. 2003; Wiggins et al. 2003) .
Antibiotic resistance profiles of samples
The observation of relatively high antibiotic resistance percentages and correlation values to similar antibiotics for E. coli from RHRW and birds suggest birds to be the source of RHRW contamination. Most of the antibiotics used in this study have been widely used for therapeutic purposes against bacterial infections in humans and animals as well as growth promoters in agriculture and aquaculture, hence their detection in RHRW is not surprising (Khachatourians 1998) . Variations in observed antibiotic resistance profiles, for example, the absence of significant antibiotic resistance correlation between PTA S3 sites and other RHRW sites can be explained by sitespecific factors such as the presence of different species of birds or animals that may harbour E. coli with variant antibiotic resistance profiles (Anderson et al. 2006) .
Isolates from birds had a relatively higher proportion of antibiotic resistance than those from RHRW tanks suggesting E. coli sources other than pigeon droppings only. Hence, it can be suggested that there may be other sources of faecal contamination at play, which harbour E. coli with less AR prevalence. Probable sources of these E. coli are natural environmental habitats, other species of birds, small animals such as rats and dust particles with E. coli populations that are not as exposed to antibiotic as are other domestic animals (Dolejska et al. 2008; Sayah et al. 2005) Given the erratic nature of rainfall in Gauteng and the amount of sun received, dust particles should be a significant factor of RHRW contamination. Previous research on the influence of prevailing air quality in the environment surrounding a rainwater harvesting site have suggested air quality to play an important role in influencing the microbial quality of rainwater (Evans et al. 2006; Kaushik et al. 2012) . The link between air quality and the microbial quality of rainwater under different weather conditions have been suggested as one of the reasons for discrepancies in reported literature concerning rainwater portability. For instance, research by Kaushik et al. (2012) on rainwater contamination factors that are independent of external sources of contamination such as those encountered with roof-harvesting methods found E. coli to be one of the microorganisms present in fresh rainwater and contributing to its microbial diversity. Furthermore, a study by Evans et al. (2007) on the influence of weather conditions on roof water contamination found that wind speed and direction had a strong influence on the microbial quality of RHRW.
Similar to our findings, previous research have shown E. coli strains isolated from pigeon faeces to be antibiotic resistant and may reflect the abusive use of such substances in our society (Silva et al. 2009 ). Pigeons possess a less developed cecum, which is the part of the gastrointestinal tract that harbours the most abundant and diversified microbiota. Hence, it is possible that these microorganisms may not be true inhabitants of pigeon faecal flora. Consequently, it is less likely that these birds could have a permanent gut microbiota with intestinal bacterial species commonly associated with humans (Baele et al. 2002) . However, the feeding habits of urban pigeons and doves may include garbage from nearby trash cans, which exposes them to contamination with residual antimicrobials or chemicals and medically important bacteria (Rosengren et al. 2009 ).
Despite the lack of reports on antimicrobial susceptibility patterns of E. coli from RHRW and their comparison to the likely sources of faecal origin, a number of researches have shown increasing resistance to tetracycline, ampicillin and gentamicin, with resistance at lower levels to cotrimoxazole, nalidixic acid chloramphenicol enrofloxacin cefoxitin and ciprofloxacin, similar to our findings (Harwood et al. 2003; Wiggins et al. 2003; Silva et al. 2009 ).
Multiple antibiotic resistance patterns
High prevalence of MAR were noted on combinations of four antibiotics in isolates from JHB (18.8 %) and birds 15.2 % suggesting the JHB sites to be highly impacted by pigeon droppings. However, the low prevalence (5.1 %) observed for PTA sites on the same number of MAR suggests that birds may not be the only source of contamination for these sites. The most abundant resistance phenotype to four antibiotics (Ak-GmCip-T) was dominated by isolates from birds (6.8 %) with Pretoria and Johannesburg isolates having low proportions of 1.3 and 3.1 %, respectively.
It is important to note that most of the MAR observed included resistance to an aminoglycoside (Gentamicin (Gm) or amikacin (Ak) or both). Gentamicin was originally approved for use in the USA in 1963 (Walsh 2003) and is widely used in the poultry industry. In our study, 64.4 % (47/73) of gentamicin-resistant E. coli isolates were multidrug resistant (≥3 classes of drugs). Forty-three percent (32/73) were resistant to ≥4 antibiotics, including 54.8 % (40/73) to amikacin, 31.5 % (23/73) to ampicillin, and 20.5 % (15/73) to tetracycline and 32.9 % 24/73 to ciprofloxacin.
Relatively high prevalence of resistance to gentamicin by both bird droppings and RHRW isolates can be explained by findings from previous research which suggested that selective pressure by heavy antibiotic usage may not be responsible for all common aminoglycoside resistance (Gardner et al. 1969 ). It has also been shown that E. coli with aminoglycoside can multiply and persist in the gastrointestinal tract of poultry in the absence of selective pressure by antibiotics (Guillot et al. 1977) . Furthermore, several genes that confer multipleaminoglycoside resistance in E. coli have been reported (Davis et al. 2010) . Hence, the observed prevalence in aminoglycoside resistance should not be surprising.
Other antibiotics of importance to which resistance was observed include tetracycline and chloramphenicol to a lesser extent. Tetracycline was approved in the USA in 1948 (Walsh 2003) and has widely been used in therapy and to promote feed efficiency in animal production systems. Persistence of tetracycline resistance in animal coliforms was first reported a decade after it was no longer used in animal feed or for treatment (Langlois et al. 1986 ). We commonly found co-resistance for tetracycline with amoxicillin, gentamicin, ciprofloxacin, cefoxitin, ampicillin and chloramphenicol, as in other studies (Roberts 2005; Kozak et al. 2009 ).
Another antibiotic, chloramphenicol, was approved in 1947 and was strictly used for human clinical purposes. However, florfenicol, a closely related drug, was approved for treatment of respiratory diseases in cattle (USDA, 2010) . Consequently, persistence of chloramphenicol resistance in E. coli has been observed (Sayah et al. 2005; Tadesse et al. 2012) . The flo gene which mediates florfenicol resistance confers nonenzymatic cross-resistance to chloramphenicol and might select for nascent resistance in recent strains (Tadesse et al. 2012) . It is important to note that only a small number of known chloramphenicol resistance genes mediate resistance to florfenicol (Sayah et al. 2005; Tadesse et al. 2012; Schwarz et al. 2004 ). For instance, chloramphenicol-resistant strains in which resistance is exclusively based on activity of chloramphenicol acetyltransferases do not show resistance to florfenicol (Schwarz et al. 2004) .
Conclusion and recommendations
This study provides foundational information on the antibiotic resistance diversity of E. coli present in RHRW. This lays the groundwork for understanding the multiple probable sources of contamination and chances for remediation. These data show that urban pigeons, the most likely source of RHRW contamination, are reservoirs of multiple antibiotic-resistant bacteria. This is important, as RHRW is presumed safe and is generally consumed without prior treatment. This is of serious concern given that approximately 20 % of the South African population is HIV positive (Shisana et al. 2010) . Since the pathological implications of infection by E. coli harbouring pathogenic elements and multidrug resistance, especially on individuals with suppressed immune systems are devastating.
Currently, there is ongoing work to evaluate temporal and special variation in RHRW quality for different rainwater harvesting systems in various rural, urban and informal settlements in South Africa and its suitability for domestic use. This work will provide more definitive data on critical factors for sustainable RWH practices suitable for the different communities in South Africa. However, more work still need to be done to evaluate the presence of antibiotic resistance genetic determinants and the presence of various pathogenic elements in the isolates. Further, work should also include not only birds but all probable sources of contamination including weather factors such as wind and other sources of faecal pollution including domestic animals. Other microbes of importance such as Salmonella, Campylobacter, Listeria, enterococci and Yesinia should be included, together with microbial diversity characterisation techniques such as repetitive palindromic sequence (rep) PCR, single nucleotide polymorphism typing, phylogenetic and clade grouping. This will give more comprehensive data from which a relatively accurate estimation of the risks can be made, probable sources of contamination be determined and mitigation responses be appropriated with a better degree of accuracy and certainty.
